In this paper a methodology for a transition away from a fossil fuel dependency to clean energy in remote communities in northern Canada is presented. Both technical and non-technical obstacles associated with such a transition to clean energy are outlined. A proposal on how to possibly overcome these obstacles is also presented. The technical aspect of this work includes a case study on one of the communities in northern Manitoba, Canada. The case study is supported by simulations, using the software tool PSCAD TM /EMTDC TM . The simulation result illustrates how the control system coordinates various parts of a microgrid and reduces annual diesel consumption. 
I. INTRODUCTION
he Aboriginal Affairs and Northern Development of Canada (AANDC) defines an off-grid community or long-term settlement as one that is not connected to the North American electric grid. In short, for this paper, such communities or settlements are called remote communities. Of Canada's 292 remote communities, 257 are electrified by diesel generators [1] . Reliable, cost-effective, and efficient energy supply for these remote communities is a challenge gaining major attention from federal and provincial leaders. Access to these communities is difficult due to their remote locations. Studies show that there are systematic barriers such as public policy, technical solutions, and capacity for change to implement a clean energy system [1] .
Diesel is the standard fuel for electricity generation in most of Canada's remote communities [2] . Providing energy for remote communities using diesel fuel is accompanied by environmental, financial and social challenges. These include greenhouse gas (GHG) emissions and localized air pollution, adverse health impacts of diesel contamination for communities' residents and high and fluctuating cost of fuel.
The fluctuating costs of fuel is especially pronounced as transporting fuel to remote communities is expensive due to their remote locations, some of which are only accessible by winter roads or planes [3] . Manuscript Due to these reasons, integrating reliable renewable solutions into these remote communities, via microgrids, is of high priority.
For the purpose of this paper, a microgrid is defined as an interconnected set of loads and energy generation sources that can function autonomously in the absence of an integrated national electrical grid. Microgrids and related technologies comprise a rapidly-expanding market, which in 2015 was estimated at US$7 billion with an installed capacity of 1.2GW [3] .
The 2016 Canadian government budget allocated an investment of $4.5 billion over five years to support infrastructure development in indigenous communities [4] . To date, $640 million has been allocated to support the deployment of renewable energy (RE) projects to reduce diesel consumption [5] . However, there are several systemic barriers inhibiting microgrid solutions from being deployed across Canada.
There is a lack of industry experience in integrating RE technologies into off-grid, remote communities. Furthermore, the details of the total cost of renewable solutions and the associated technology reliability risk are not well understood. Complicated diesel procurement funding streams that cause complexity in incentive structure for clean energy implementation, lack of viable contracting methods for generation of clean energy and no mechanism to place incentives as a result of environmental and socio-economic benefits are some of the public policies barriers regarding clean energy system implementation.
There have been reports on projects investigating RE alternatives such as wind turbine and photovoltaic in dieselbased microgrid remote communities in northern Ontario. Three projects in Ontario integrating wind turbine with diesel-based microgrids, Photovoltaic (PV) systems in the Northwest Territories and Nunavut are some of the examples of diesel-based microgrids in remote communities in Canada [6] . These projects had a mixture of planning, operation, and maintenance issues that limited their lifetime to only a few years.
In this work, the authors propose a possible solution intended to overcome the current systematic barriers by implementing clean energy while reducing the cost, dependence, and environmental effects of traditional diesel generators. The paper is organized as follows: Section II discusses the impacts of diesel consumption and clean energy development, potential, and challenges. Section III presents the case study developed in collaboration with Tadoule Lake and discusses the simulation results and a feasibility study on a photovoltaic (PV) farm in this location using the EMT simulation tool PSCAD TM /EMTDC TM . Finally, Section IV highlights the main conclusions and contributions. T II. CLEAN ENERGY DEVELOPMENT, POTENTIAL AND CHALLENGES Fossil fuels such as coal, oil and natural gas, are the dominant energy sources globally, as presented in Fig. 1 . However, over the last few decades, a transition from fossil fuels toward renewable energy sources (RES), namely biomass, hydropower, geothermal, solar and wind, has increased in popularity. This transition is motivated by concerns about environmental impacts on climate change, dependence on fossil fuel and the associated varying costs. Throughout the past 15 years, the global market for RE technologies has experienced strong growth as illustrated in Fig. 2 . Initially, government subsidies have allowed for increased RE penetration into a competitive market, dominated by fossil fuel-based energy generation. With the technology advancing, the overall cost of commissioning RES has continued to decrease. The current trend is that in many projects even without government subsidies, RE technologies are competitive compared to conventional fossil-fuel-based energy sources. Considering recent technological developments concerning microgrids, RE technologies (including wind and solar PV) and energy storage, renewable-diesel hybrid systems could help strengthen energy supply security at off-grid sites.
The daily supply of solar energy is theoretically sufficient to meet all human energy needs for an entire year [9] . However, solar energy and other RES are limited in that their availability varies across space and time. For instance, generating electricity from 100% solar is not always feasible in the sense of the space requirements. Thus, a hybrid of sources is the ultimate solution.
Recently, the concept of microgrids is gaining attention as a promising energy option. Microgrids can be categorized according to various criteria, from production type to size to the type of application that they serve. As illustrated in Figure  3 , a microgrid predominately consists of energy production sources such as wind, solar and diesel, electrical loads, energy storage systems, and control/protection mechanism. Microgrids represent an interesting market in terms of energy production and are expected to grow in the next few years.
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Fig. 3. Microgrid configuration
Electricity rates in remote communities are significantly higher compared to large population centers. Electricity rates for communities with all-year-round road access is as low as CAD$0.45/kWh, while a location that is mainly accessible by barge or plane can scale to CAD$0.80/kWh. For arctic locations, the rate varies from CAD$1.50/kWh to CAD$2.50/kWh. For a hydro-based generation, the rates in northern remote communities range from CAD$0.15/kWh to CAD$0.40/kWh, depending on the community's location and installed capacity. In contrast, in the rest of Canada, depending on the province, average electricity rates vary from CAD$0.07/kWh to CAD$0.17/kWh [10] . This situation of extreme differences in electricity rates often forces governments to subsidize energy supplies to ensure that they remain accessible. In this context, microgrids that combine wind and solar PV represent an excellent opportunity to diversify and secure energy supply in stand-alone fossil-fuelbased microgrids, while reducing the use of fossil fuels such as diesel. Harnessing energy sources that are renewable, clean and locally available is a competitive alternative to importing fossil fuels such as diesel. However, integrating RE into stand-alone microgrids comes with its share of technical, economic and social challenges.
A. Economic challenges
Approximately 80% of the world's energy supply is provided by traditional fossil fuels, in part due to the low costs of mining/drilling/etc such fuel and the fact that the associated technology is mature [9] . However, the cost advantage of fossil fuels over RES has been decreasing in recent years, and specific RES can already compete with fossil fuels financially without any government subsidies. Based on the US Energy Information Administration (EIA) projects, fossil fuel prices will steadily continue to rise until 2040. The predicted price hike is 76%. Furthermore, according to supply and demand, prices will continue to fluctuate over time. Therefore, even without promoting a transition toward RES, economic factors are currently moving toward that direction.
Calculation of the levelized cost of energy (LCOE) enables the cost comparisons between different energy sources. Levelized costs represent the present value of the building and operating a plant over an assumed lifetime, expressed in real terms to remove the effect of inflation. For energy sources that require fuel, assumptions are made about future fuel costs. In order to compare different energy sources directly, the levelized construction and operations costs are divided by the total energy obtained. Most RES requires large capital investments compared to fossil fuels, as shown in Table I . Renewable solar and wind energy sources come with high capital expenditure compared to fossil fuels however there is an advantage over fossil fuels which is lower operating costs once facilities are built. For comparing sources with different capacity factors, CAD$/expected kW is defined as (CAD$/kW)/(capacity factor), or the capital cost to produce the same amount of electricity as one kW of capacity running continuously. The above discussion assumes there is no regulated free market for energy, which is not the case today as there are many financial supports and subsidies such as direct payments or favorable loans, tax credits and deductions, and price supports by government.
According to an analysis by Bloomberg New Energy Finance, allocated support for fossil fuels are twelve times more than the ones toward RE. Many countries are increasing their supports toward RE. There are examples of global subsidies for RE. As an example, global subsidies for RE were CAD$56 to CAD$60 billion, mainly in the form of tax credits and feed-in tariffs in 2009. Germany had one of the most expensive RE subsidy in 2009, equivalent to CAD$13 billion. Other feed-in tariffs in Europe totaled another CAD$13 billion. The United States spent more than any other country on RE subsidies, around $18 billion. The Ontario Power Authority (OPA) launched the FIT program to procure RE technologies with small scale solar PVs receiving the highest tariff rate of 80.2 CAD$/kWh for rooftop solar PV in 2009 [11] .
B. Social challenges
There have been a number of microgrid projects integrating renewables at off-grid sites across Canada. However, several of these projects were not as successful as had been hoped due to the previously mentioned difficulties. The issue of social acceptability might be raised for such projects for which a certain social resistance emerges despite the endorsement of governments and environmental groups. In order to overcome this challenge, more examples and data from successfully deployed systems is needed, to instill confidence and strengthen business cases for future projects. There is an example of a successful project in the Caribbean where a Diesel-free power system in two expansion stages was deployed. The total solar power output and battery capacity reached 4.15 MW and 5,900 kWh, respectively [12] . This system helped to reduce the consumption of the diesel generators by as much as 1.8 million liters of fuel annually. Another example of a successful project is Nemiah valley photovoltaic-Diesel mini-grid in British Colombia in 2007.
In some cases, lack of strong communication, and insufficient levels of decision-making authority afforded to community leaders, resulted in slowing down or even stopping of such projects. Many felt that some past projects have lacked meaningful collaboration with residents, or have not included the community in important decision-making processes. A lack of knowledge and technical proficiency within the communities was a significant obstacle to developing these collaboration models, compounded by a lack of training opportunities available to acquire the skills and knowledge needed within the community. Training the local consumers and increasing their engagement in the projects is another solution to increase the capacity for change among communities. For instance, in 2018 a fully integrated microgrid at Kiashke Zaaging Anishinaabek (KZA) community was implemented and tested successfully. One of the objectives of this project in engaging locals is educating youth about renewable energies. Through KZA's ownership of the microgrid, thousands of liters of diesel fuel will be replaced with clean solar power.
C. Technical challenges
Incorporating RE into remote off-grid systems presents various technical challenges. Participants believe that there is a lack of understanding of the technical feasibility of implementing renewables into remote communities. Adapting the various energy systems and developing robust control systems is indispensable to facilitate renewables integration into microgrids and to absorb the rapid frequency fluctuations generated by renewable sources. An issue of frequency fluctuation may arise in order to achieve a possible collapse of the network. Due to the fluctuating behavior of RES, balancing, generation and demand are not simple tasks for the main control system unit since the power from the RES is not constant. Therefore, this phenomenon leads to control the variables in order to maintain an acceptable level of frequency in the power network by increasing the penetration of RES.
Furthermore, it is necessary to ensure the stability of a microgrid and allow for high renewable penetration levels. In other words, the major challenge of a hybrid RE microgrid is the penetration rate of RES. The renewable energy penetration rate is defined as power produced from RE concerning the power consumed at any given moment. The maximum penetration rate of RES is limited according to the fact that providing load by RES will lead diesel generator (DG) to become irreversibly damaged due to the adverse effects of low load operation on DG. By adding storage and an advanced microgrid control system, this rate can practically increase. However, current storage technologies continue to have relatively low energy storing capacities and very high costs. The reliability and availability of the storage system are substantially important, particularly in extremely cold weather, which is typical for remote communities in Canada. Vast research remains to be conducted in the field of energy storage and its adaptation to cold climates.
Another technical challenge related to the integration of RE is power quality influenced by voltage and frequency fluctuations. These fluctuations are caused by noncontrollable variability of RES and harmonics, which are introduced by power electronic converters used in RE generation [6] .
An Energy Management System would be required to efficiently control the different power generators [13] , [14] . There is also the need for dump loads to handle excess RE, and thus avoid frequency stability issues. In addition, in high RE-penetration levels, diesel plants could potentially be turned off for certain period. Hence, in cold climates, a diesel plant heating system is required to assure that the engines can start-up again quickly [15] .
Diesel generators in remote northern locations are usually oversized due to the large difference between average and peak load, and as a result, generators usually run at partial load resulting in significantly lower efficiency rates; most remote northern communities have installed different rated generator capacities to partially overcome low-load issues [13] , [15] . Moreover, the generator's efficiency is likely to be further reduced when RE equipment is integrated into the microgrid due to the negative load that RE generation implies. RE integration would likely keep diesel generators running longer at partial load conditions, which will result in carbon build up in cylinder heads and pistons, that can be potentially overcome by succeeding periods of full-load runtime [16] , [17] .
In order to address some of the challenges for integration of RES into the standalone microgrids, a technical examination, and feasibility study are presented in section IV to ensure that adding the RES along with energy storage will not affect the power quality and reliability of the remote communities.
III. CASE STUDY: SYSTEM AND DATA
In this work, Tadoule Lake in northwestern Manitoba is presented as a case study. The registered population of the community as of August 2011, was 330 members [18] . In this region, the annual average temperature falls below −6°C. This community is accessible using plane, snowmobile, dog sleds, and in winter by winter road. As the winter roads operate only for one or two months per season, most of the supplies for the entire year is transported and stored during this period in winter. Transportation of diesel is mostly done over winter roads, which are costly and hazardous to both people and the environment. Moreover, diesel storage facilities deployed in these settlements are susceptible to fuel tank leaks that can cause significant environmental. The highest impact to the environment is caused by the burning of a large amount of diesel, contributing significantly to greenhouse gas emissions.
A. System Configuration
The PV array used in the case study consists of monocrystalline silicon cells (LG390N2T-A5), each rated at 390 W, with the 18.5% efficiency. The case has a fixed photovoltaic system configuration so that each module is tilted with a slope of 45 • (south).
B. Load Profile
Based on the provided data by Manitoba Hydro, the provincial utility that provides electricity and gas service to communities throughout the province, the annual demand and average load of this community are about 2400MWh and 308 kW, respectively. The voltage at load side is assumed to be 208 V. A hybrid system combining PV, battery storage and a diesel generator is proposed for the isolated system initially designed with five diesel generators and maintained by Manitoba Hydro.
As mentioned in section II, the battery storage system is required to increase the RE penetration rate. If only PV is added to a weak grid, the DG must respond to more fluctuating load demand. Furthermore, there are major technical difficulties to keep the grid reliable in such fluctuations in the load profile. There are also some fluctuations in generated power on a cloudy day. Therefore, the swings in the load profile and/or generated power by the PV could be filtered by adding the batteries constantly charging to use excessive power or discharging to compensate for the shortage of power. In other words, batteries will see a constantly changing power; however, the DGs work at their optimal operating points.
Based on the monthly consumption of Tadoule Lake community, a 1.29 MW PV system along with a 1.2MWh battery storage is proposed. Fig. 4 shows the monthly production and consumption of the Tadoule lake community. The renewable energy fraction for this system is about 67%, which means 67% of the annual power consumption is generated by clean energy from the sun and the other 33% comes from the diesel generator. This system saves about 510540 liters of diesel per year. From this, the saving from the cost of only diesel would be more than $510540 per year assuming diesel cost $1/litre. Fig. 4 . Electricity production by the PV-Battery system vs the monthly community load In addition to the cost of fuel, there are more savings from the transportation of the fuel, cost of storage of the fuel, the cost associated with the environmental remediation caused by diesel spills, and more importantly reduction in the cost of operation and maintenance of the diesel generators. Since this case study is scalable, by adding more PV modules and more battery storage, DGs could be shut down, and acting only as a backup during weeks of a snowstorm.
C. Financial Viability Study
In this work, the financial viability of the Tadoule lake case study was assessed using the RETScreen software developed by the Government of Canada [19] . The analysis has been performed by using the RETScreen Clean Energy Project Analysis software, which is able to perform energy production analysis, financial analysis, and GHG emission analysis. RETScreen software takes into account details such as the energy resource available at project site, equipment performance, initial project costs, on-going and periodic project costs, avoided cost of energy, financing, environmental characteristics of energy displaced, environmental credits and/or subsidies and decision maker's definition of cost-effective [19] , [20] . One of the primary advantageous of using RETScreen software is that it simplifies the decision-making process for the investors. The financial analysis worksheet contains financial parameters input items (e.g. discount rate, inflation rate, debt ratio, etc.), and its calculated financial viability output items (e.g. internal rate of return (IRR), simple payback, net present value (NPV), etc.). In this case study, these parameters are defined as follows and reported in Table II . The project lifetime is set to 20 years, which is typical for renewable energy projects. The inflation and discount rates are 2 and 6 percent, respectively. A carbon tax of 25 $/tCO2 was imposed on the CO2 emissions to find GHG reduction through this project [21] . The electricity export rate is 0.3 $/kWh. Annual O&M cost and 10-year costs are $500k and $1500k, respectively. Based on the results from RETScreen, the annual GHG reduction is 139 tCO2.
IV. TECHNICAL FEASIBILITY AND EXAMINATION
A. Simulation of the Microgrid using PSCAD TM / EMTDC TM The Tadoule Lake's simulation case including the power grid, the renewable energy system, and microgrid controller is modeled using the EMT simulation software tool PSCAD. Figure 6 shows a diagram of the studied microgrid system. The technical feasibility of the proposed model and control system for managing the interaction between all components within the microgrid is investigated. In addition, this simulation case could be used to perform a thorough interconnection study of the PV and storage system. For installation of renewable energy sources to an existing diesel-based microgrid, it is required to demonstrate that adding renewable energy sources along with energy storage will not affect the power quality and reliability of these indigenous communities. During the following tests, all the voltages, current, frequency, and total harmonic distortion (THD) must remain in an acceptable range and complies with IEEE standards, as well as local grid requirements. Figure 7 shows a flowchart that illustrates the interconnection test bench of the simulation case that includes all the possible scenarios for the proposed hybrid microgrid model. Tests could be divided into two groups. These groups consist of tests for demonstrating the ability of each component to function solitary and with each other during normal or fault situation. In the second group, it is required to test the interconnection of one does not affect the functionality of another one. The tests within both groups are explained as follows.
Two scenarios are presented in this paper. These simulations are performed in PSCAD and are meant to give a general idea of the equipment and system's behavior. The transients resulting from switching and system events are strongly influenced by the controls of the system as well as the characteristics of the equipment itself. The scenarios outlined in this paper show general responses to non-specific controls.
Scenario 1
This case shows the system's response when the load is initially powered by the diesel generator and the PV and battery are added, successively. In this case the diesel is on initially, while the PV and battery are off. At t=5 sec the PV is turned on, with irradiation at 100% (1200 W/m2). At t=10 seconds the battery is turned ON. This is shown in Fig. 8 . The voltage THD for the phases a, b and c at the load are monitored, and remain below 3% while in steady state. The THD shortly peaks to 10% when the battery is switched on at t=10 seconds. This is shown in Fig. 9 . Note that the battery is charging. The convention used is that positive power is going into the battery is charging. It can be seen that after a short transient caused by turning on the PV and battery, the system settles to a different operating condition. The transient can be tuned by improving the control strategy. In the final steady state operation, PV is providing power to the load as well as charging the battery. The diesel generator continues to operate, albeit at a reduced power point.
Scenario 2
This case shows the load being powered by the diesel generator and PV at the same time. The PV is supplying the majority of the load and is also charging the battery at the same time. The case then shows cloud coverage by reducing the irradiation from 100% to 30% and back to 100%. This is shown in Fig. 10 . As before, the steady state the THD remains below 3%. Since there is no battery switching as in scenario 1, there is no spike to 10%. During the cloud coverage the PV output drops to nearly zero, while the diesel generator quickly ramps up power. The reverse occurs when the cloud cover has gone, and the system settles back to the initial steady state operation. This is shown in Fig. 11 . The following outlines various different tests that are important to consider for microgrids as discussed in this paper.
Testing DG connection:
This stage demonstrates that the model works well when DG provides active power (P) and reactive power (Q) for the community load. In case of any fault in the system, the DGs are disconnected from the load and they reconnect after the fault clearance.
Testing battery system connection: This scenario tests and demonstrates when the battery system is providing full power to the community load in an off-grid mode. In this stage, the battery's voltage source converter (VSC) provides the voltage and frequency reference for the AC network.
Testing PV system connection: It's assumed that in this modeling, PV modules are always working with battery system due to the fact that high fluctuations in output power of PV modules could create serious power quality concerns. As such, this scenario illustrates the interconnection study of the PV system while it is producing maximum power. This will also investigate the effect of PV system interconnection on power quality and stability.
Test a fault condition on PV system, disconnect, connect and finally disconnect it: The aim in this scenario is to study what happens if an incident occurs in PV system while only battery and PV system are connected to the load. It is worth mentioning that if there is a fault in the battery system, both battery and PV system will be disconnected from the load since in this model, the PV system never works independently. Testing DG and battery system interconnection: In this scenario, DG is running and providing power to the load. The battery system is being charged or discharged depending on its state of charge (SOC). If the SOC of the battery is lower than a certain pre-set amount, the diesel will be providing enough power for both the community load and batteries. In this case, the diesel runs on its optimal operating point which is about 90% of its nominal power. This happens during cloudy days in winter or during nights.
Testing Disconnection/Reconnection of the DG while Battery System is connected:
This stage shows what happens when the DG suddenly disconnects in the presence of the battery. The algorithm is in such a way that if the DG is disconnected and the battery's SOC is critically low, disconnects the battery as well.
Testing Disconnection/Reconnection of the battery while DG is connected:
Interconnection of the battery system while the DG is providing power for the community is critical. It is necessary to ensure that interconnection of the battery system will not affect the power reliability in the site.
Testing Connection/Disconnection/Reconnection of the PV system while DG and Battery system are connected:
This will test the performance of the microgrid while all the components are working together. This also shows the system response when the PV is suddenly connected or disconnected to/from the grid.
Testing Connection of PV and Battery systems while DG is providing power:
This scenario is for the moment when there is enough power from the PV system to supply the community load and charge the battery. It happens in most days during the spring, summer, and early fall.
B. Performance Analysis
A 24-hour performance graph is presented in Fig. 7 . As seen both of the diesel generators operate at their optimal point which provides the maximum efficiently due to the storage system and the control algorithm.
The storage system also supports the load when the clouds introduce a reduction in the generated power by PV round 14:00. This graph illustrates how the storage system plays a key role in the network to allow sudden changes in both the load consumption and power generation.
V. CONCLUSION
This paper presented the idea of the integration of renewable energy resources to the existing diesels generators in remote indigenous communities in Northern Canada, In the ladder part of the paper a case study of a northern Manitoba was presented. In the simulation results performed in PSCAD/EMTDC, two scenarios illustrate how each component work cooperatively to reduce the annual diesel consumption. It is hoped of such a hybrid solution to reduce the risk and maintain the reliability of the grid.
In this light, this paper suggested a multiphase rollout plan in which the first phase, the idea is only to reduce the GHG emission by a certain ratio, then adding more solar modules and battery storage will be a second phase.
With the support of government funding, Indigenous and Northern Affairs Canada (INAC), and proven turnkey hybrid microgrid solutions, this paper suggested that the transitioning to clean energy in remote areas are doable and this is the fastest and most viable solution to reduce the GHG emission in the next five years.
